Hypothalamic hamartomas (HHs) are congenital malformations of the ventral hypothalamus resulting in treatment-resistant epilepsy and are intrinsically epileptogenic for the gelastic seizures that are the hallmark symptom of this disorder. This paper reviews the neuropathologic features of HHs associated with epilepsy, with an emphasis on characterizing neuron phenotypes and an ultimate goal of understanding the cellular model of ictogenesis occurring locally within this tissue. We also present previously unpublished findings on Golgi staining of HH. The microarchitecture of HH is relatively simple, with nodular clusters of neurons that vary in size and abundance with poorly defined boundaries. Approximately 80-90% of HH neurons have an interneuron-like phenotype with small, round soma and short, unbranched processes that lack spines. These neurons express glutamic acid decarboxylase and likely utilize c-aminobutyric acid (GABA) as their primary neurotransmitter. They have intrinsic membrane properties that lead to spontaneous pacemaker-like firing activity. The remaining HH neurons are large cells with pleomorphic, often pyramidal, soma and dendrites that are more likely to be branched and have spines. These neurons appear to be excitatory, projection-type neurons, and have the functionally immature behavior of depolarizing and firing in response to GABA ligands. We hypothesize that the irregular neuronal clusters are the functional unit for ictogenesis. Further research to define and characterize these local networks is required to fully understand the cellular mechanisms responsible for gelastic seizures.
Introduction
Hypothalamic hamartomas (HHs) are congenital, nonprogressive mass lesions located in the ventral hypothalamus. There are two prototypical clinical phenotypes that correlate with the anatomic features of the HH. 1 HHs that connect to the posterior hypothalamus in the region of the mammillary bodies are associated with epilepsy, usually with gelastic seizures that begin during infancy, and are treatment-resistant to conventional antiepilepsy drugs (AEDs). 2, 3 Conversely, HHs that connect to the anterior hypothalamus in the region of the tuber cinereum have central precocious puberty. 1, 4 Many patients with gelastic seizures have comorbidity with developmental disability and psychiatric symptoms such as rage behaviors. A disabling clinical course, with the emergence of multiple seizures types, along with cognitive and behavioral decline, occurs in 50% of patients. 5, 6 HHs are intrinsically epileptogenic. Seizures are recorded from intracranial recording electrodes stereotactically implanted into HH lesions. [7] [8] [9] In addition, HH resection or ablation can be a successful treatment option in up to 90% of patients. [10] [11] [12] [13] [14] [15] The cellular and molecular mechanisms responsible for intrinsic epileptogenesis of HH tissue are not fully understood. Nevertheless, there have been significant advances in our understanding of HH seizure pathogenesis over the last 10 years. 16, 17 This paper reviews our current fund of knowledge on the neuropathology of human epileptic HH and includes previously unpublished material on the cytology of HHs neurons as revealed by Golgi staining of surgically resected HH tissue.
Gross Pathology
The gross pathology of HH is largely understood because of magnetic resonance imaging (MRI) studies, as autopsy-related investigation has been very limited. We are not aware of any reports that relate the results of postmortem examination since 1963. 18, 19 The reader is referred to papers by Takeuchi et al. and Coons et al. for detailed reviews of published autopsy reports. 20, 21 Because of this, the precise anatomic relationship between HH lesions and normal brain remains elusive. There is compelling evidence that HH lesions causing epilepsy attach to the posterior hypothalamus in the region of the mammillary bodies, 3, 22 and that HH lesions causing central precocious puberty attach to the anterior hypothalamus in the region of the tuber cinereum. 4, 22 However, the exact nature of these functional network connections is unknown, and remains as a crucial subject for future research. Progress in this area is perhaps most likely to result from innovative whole-brain imaging technologies.
MRI signal intensity of HH lesions usually differs from normal gray matter, with relatively decreased intensity on T 1 -weighted images (74% of cases) and relatively increased signal on T 2 -weighted sequences (93% of cases). 22, 23 Higher signal on T 2 -weighted imaging correlates with higher glial content (the relative abundance of glia to total neurons) as supported by magnetic resonance spectroscopy, 22, 24 and HH tissue histology with thick-section stereology (cell counting). 24, 25 Glial abundance increases with larger HH lesion volumes, as suggested by T 2 -weighted imaging and confirmed with thick-section stereology of resected HH tissue when correlated with lesion size. 25 HH lesions have a thin circumferential layer of myelinated fibers in the peripheral (subependymal) region of the tissue mass. 19, 21, 26, 27 This subependymal band (or shell) of myelinated processes can often be visualized on high-resolution T 2 -weighted MRI (see Fig. 1 ), but the features of this aspect of HH microanatomy have not been systematically studied.
Cysts within HH are present in approximately 2-3% of cases and are more likely to occur in large HH lesions. 22, 28 HH lesions can also be associated with large arachnoid cysts, which extend into the pre-pontine cistern, middle cranial fossa, or even the prechiasmatic space, 29 although the exact relationship of the cyst to the HH (intrinsic or extrinsic to the HH) remains unclear. HH lesions do not enlarge, but do grow in proportion to overall brain development (that is, the relative size of the HH to normal brain remains the same throughout life). 22, 30 HH lesions do not enhance with administration of intravenous contrast agents. 22 The presence of contrast enhancement (in the absence of prior surgical therapy) strongly suggests another pathologic diagnosis. 
Genetics
HHs are usually sporadic abnormalities, unassociated with other congenital malformations and linked to a normal family history. However, approximately 5% of HH cases have Pallister-Hall syndrome, which is known to be associated with a genomic (genome-wide) mutation in the GLI3 gene, expressing a transcription factor in the sonic hedgehog intracellular signaling pathway. 31 Utilizing a candidate gene approach, somatic (tumor-only) mutations in GLI3 have been identified in up to 20% of sporadic HH lesions undergoing surgical resection. 32, 33 More recently, whole-exome sequencing has extended that observation, with the discovery of multiple mutations within genes comprising the sonic hedgehog pathway (including GLI3), so that now somatic mutations are associated with up to 37% of sporadic HH cases. 34 At least at this time, genotyping of HH tissue lacks clinical utility and is not routinely recommended.
Histopathology
Coons et al. 21 described the histopathology of HH based on the study of 57 cases undergoing surgical resection for treatment-resistant epilepsy. Hematoxylin and eosin (H&E) staining of thin (4 lm) sections shows clusters of small neurons intermixed with glia and relatively sparse large neurons. Neuronal clusters were a universal feature in this series, and have been noted in many prior pathologic reports (see Coons et al. 21 for review of this literature), but are often indistinct with poorly defined margins (Fig. 2) . Clusters are variable within and between individual cases with respect to abundance, size, and density. One extreme of the clustering continuum are small nodules with as few as 10-20 neurons that can be tightly grouped in grape-like manner, whereas the opposite end of the continuum consists of large arrays many hundreds of microns across containing thousands of neurons. Clusters are pleomorphic, rather than spherical. Wu et al. 17 have hypothesized that the neuronal cluster is the functional unit for HH epileptogenesis. Greater understanding of the three-dimensional microanatomy of HH neuronal clusters (and an operational definition for neuron cluster boundaries) would be valuable for enabling future research.
Although small neuron clusters were present in every case examined, Coons et al. 21 stressed the diversity of histologic findings between individual cases. Using visual analysis with categorical assignment, individual cases were scored according to predominant cell type ("neuronal" or "glial") and neuron distribution ("nodular" or "diffuse"). Of the 57 cases reported, 33 (58%) were neuronal and 24 (42%) were glial-predominant, whereas 39 (68%) were nodular and 18 (32%) were diffuse. Photomicrographs of neuron and glia-rich HH sections are shown in Figure 2 . Not surprisingly, there was significant covariance between neuronal cellularity and nodular architecture, and glial cellularity with diffuse architecture (p = 0.01). Glial-rich lesions were more likely to be larger HH lesions, as mentioned previously.
HHs neuropil often has a spongiform quality and is densely staining for synaptic markers, such as synaptophysin and synaptosomal-associated protein-25 (SNAP25). 21 Myelinated fibers are relatively sparse and haphazardly distributed within HHs, except where bundles aggregate at the subependymal margins of the lesion. Immunostaining with a limited number of developmental markers has been reported, suggesting mature patterns of expression for nonphosphorylated neurofilament (vs. phosphorylated neurofilament) and a-internexin. The proliferative capacity of HH tissue appears to be low. Anti-Ki67 (anti-MIB1) immunostaining was completely negative in 17 of 27 cases tested (63%) with rare anti-Ki67 reactive cells in 10 (37%). 21 A low level of neurogenesis within HH tissue, as has been discovered in other human epileptic tissue, has not been excluded.
Cellular atypia with cytomegalic and dysmorphic cells is effectively absent in HH tissue. Coons et al. 21 reported a single case with rare balloon cells in their initial single-center cohort of 57 HH cases, but have not observed balloon cells in any subsequent case undergoing surgical resection (total cohort 194 cases; previously unpublished observation). HH tissue is usually readily distinguished from normal hypothalamus (should it be included in the surgically resected specimen), as nodules of large ganglion cells and prominent bundles of myelinated fibers are observed in normal adjacent hypothalamic tissue. Thus far, the histopathologic features of HH lesions associated with epilepsy do not appear to differ in accordance with other clinical features, such as gender, presence of intellectual disability, or history of central precocious puberty. 21 
Cellular Phenotypes
As a hamartoma, the cellular constituents of HHs are phenotypically normal appearing cells with abnormal architectural relationships. Based on visual analysis of HE-stained thin sections, Coons et al. 21 reported that the preponderance of HH neurons were small, round cells with possible interneuron phenotype, with tendency for cluster formation but also diffusely distributed. Using a semiquantitative technique with 1 lm sections stained with toluidine, Beggs et al. 35 estimated that 80% of HH neurons had soma diameter <16 lm. Small neurons were found in clusters of various sizes, whereas small and large neurons were diffusely scattered between clusters.
Subsequent investigation into the phenotypes of HH neurons has been driven largely by electrophysiologic studies on perfused, fresh surgically resected HH tissue slices and acutely dissociated neurons. 16, 17 To summarize briefly, small HH neurons have the intrinsic membrane property of spontaneous pacemaker-like firing. [36] [37] [38] [39] [40] Firing of small neurons is abolished by perfusing HH tissue with tetrodotoxin, thereby blocking activity-dependent sodium channels, but is unaffected by synaptic blockade of c-aminobutyric acid (GABA) and glutamate receptors. 36 Conversely, most large HH neurons (soma diameter >16 lm) are quiescent at rest, but have the functionally immature property of depolarizing and firing in response to GABA ligands (see Fig. 3) . 38, 39, 41 Paradoxical excitation in response to GABA is likely due to reversal of the intracellular chloride ion gradient associated with the expression profile of NKCC1 and KCC2 (developmentally regulated cation-chloride transporters within the neuron membrane). 38, 39 In turn, downregulation of KCC2 expression in HH tissue may be related to hyperactivation of the brain-derived neurotrophic factor (BDNF)-trkB signaling pathway. 42 Beggs et al. 35 examined the ultrastructural features of HH neurons with the hypothesis that there would be morphologic differences between small (soma diameter <10 lm) and large (soma diameter >16 lm) HH neurons. This study included reconstruction of a small number of individual neurons with the use of serial sections. Statistical significance was determined for differences between small and large HH neurons for the densities of Nissl bodies, polyribosomes, and glycogen granules. Small HH neurons were more likely to have scant cytoplasm (high nucleus to cytoplasm area ratio) and dense formations of nuclear chromatin. These findings support the hypothesis that small and large HH neurons have a different phenotype. In addition, small HH neurons elaborated processes leading to symmetric synapses, the ultrastructural morphology usually associated with inhibitory (GABAergic) synapses. 35 Symmetric synapses were prominent on the proximal dendrites and soma of large HH neurons. Asymmetrical synapses (the morphology usually associated with excitatory synapses) were prominent in HH neuropil.
Small HH neurons express glutamic acid decarboxylase (GAD), the synthetic enzyme responsible for GABA production, as shown by immunohistochemistry with positive staining for anti-GAD antibodies (see Fig. 4) . 36, 37 HH tissue expresses GAD67 messenger RNA (mRNA). 37 Small HH neurons show robust immunoreactivity for calretinin but little propensity to stain for calbindin and neuropeptide Y (see Fig. 5 ). 43 At least some large HH neurons are immunopositive for vesicular glutamate transporter 2 (VGLUT2), a marker of excitatory (glutamatergic) neurotransmitter expression (see Fig. 6 ). 17 Electrophysiologic study of individual neurons with patch-clamp microelectrode recordings (whole-cell technique) enables microinjection of dye compounds to fill the neuron for subsequent microscopy. Utilizing this approach for studying HH neurons in freshly-resected, perfused tissue slices has linked the neurophysiologic phenotype with cytology. 38 Kim et al., utilizing biocytin microinjections, observed that small HH neurons (10-16 lm soma diameter with robust spontaneous firing) had round cell bodies with few processes, usually bipolar, with modest dendritic arborization. Conversely, large HH neurons (20-28 lm soma diameter, usually quiescent at rest but with paradoxical depolarization and firing in response to GABA ligands) had pyramidal cell bodies and extensive dendritic arborization. 38 Wu et al. 37 utilized Lucifer yellow microinjection after small HH neuron recordings in the acutely dissociated state, and visualized small round cells with one to three processes. These cells were also universally positive for immunostaining with GAD67 (N = 16 neurons from three patients).
This single-cell microinjection approach requires fresh surgically resected HH tissue and patch-clamp whole-cell microelectrode recordings. These are labor-intensive techniques, and only a few such cells can be visualized in this manner for each surgery. We therefore utilized Golgi staining of paraffin-embedded surgically resected tissue to study HH neurons with the goal of defining their cellular features. These findings have not been previously reported.
Golgi Staining of HH Neurons

Subjects
Written informed consent for the use of surgically resected tissue for research was obtained under protocols approved by the Institutional Review Board (IRB) at Barrow Neurological Institute at St. Joseph's Hospital and Medical Center. Tissue was derived from 19 patients with HH and treatment-resistant epilepsy (mean age at time of surgery 13.3 years; range 0.8-40.2 years; 10 [53%] female). All patients had a history of gelastic seizures (mean age of seizure onset at 0.9 years). Comorbid features included intellectual disability in 9 (47%) and prior history of central precocious puberty in 6 (32%). HH lesion type (Delalande classification) 44 was type I 5%, type II 47%, type III 42%, and type IV 5%; mean lesion volume 1.2 cm 3 (range 0.1-4.8 cm 3 ). One patient (5%) had a prior history of subtotal HH resection. 39 Used with copyright permission Elsevier BV.) Epilepsia ILAE
Methods
Thick sections (70-120 lm) of formalin-fixed, paraffinembedded HH tissue were stained with a modified GolgiCox method according to the manufacturer's instructions (FD NeuroTechnologies, Ellicott City, MD, U.S.A.). Twodimensional representations of selected cells were rendered with a camera lucida drawing tube and analyzed for morphologic features including Sholl analysis. Selected neurons were graded as small or large HH neurons as guided by our prior experience with single-cell microinjection obtained at the time of patch-clamp electrophysiological recordings (see Fig. 7 ).
Results
Cells scored as small neurons (n = 50) had mean soma cross-sectional surface area of 115 lm 2 (median 112 lm 2 ; range 63-211 lm 2 ) and large neurons (n = 12) mean soma cross-sectional surface area 305 lm 2 (median 268 lm 2 ; range 104-624 lm 2 ; p < 0.0001). Although the difference in soma size between the two morphologic phenotypes is significant, there is some overlap in the size distribution between the two populations (see Fig. 8 ).
Small neurons have universally round or ovoid soma, with small numbers of thin processes that are minimally branched and usually spineless (see Fig. 9 ). Large neurons Figure 5 . Thin section of surgically resected HH tissue stained with anti-calretinin and counterstained with hematoxylin. The reaction product is brown, indicating robust reactivity of small HH neurons (black arrows). There is also some staining of processes coursing through the neuropil. All 10 HH cases tested (100%) showed similar reactivity for calretinin expression. Conversely, immunostaining for calbindin and neuropeptide Y was sparse or entirely absent (not shown). Scale bar = 200 lm. Epilepsia ILAE Figure 6 . Thin section of surgically resected HH stained with anti-VGLUT2 (vesicular glutamate transporter-2), a marker for glutamate expression. A large HH neuron is centered in the middle of the field with immunoreactivity of the soma and proximal processes. Scale bar = 100 lm. Epilepsia ILAE Figure 7 .
(A) Photomicrograph of large HH neuron following microinjection of biocytin after whole-cell patch-clamp recording, which demonstrated absent firing in the resting state but depolarization and increased firing in response to muscimol (GABA agonist). Large HH neurons are usually multipolar pyramidal cells with branched, often spiny dendrites. Scale bar = 20 lm. (This panel adapted from Kim et al. 38 Used with copyright permission, International League Against Epilepsy [ILAE].) (B) Camera lucida drawing of large HH neuron (different patient from panel A). Scale bar = 20 lm. (C) Photomicrograph of small HH neuron following biocytin injection after microelectrode recording, which demonstrated spontaneous pacemaker-like firing in the resting state. Small HH neurons are round, unipolar or bipolar cells with relatively short, unbranched, and usually aspiny processes. This neuron has at least one process >250 lm in length. Scale bar = 50 lm. (D) Camera lucida drawing of small HH neuron (different patient from C). Scale bar = 20 lm. Epilepsia ILAE are more pleomorphic with angular or even pyramidal shape, usually including at least one thick proximal dendrite with second-or even third-order branching and are more likely to be spiny (see Fig. 10 ).
The small and large HH neuron populations diverge with respect to their dendritic fields, as shown by Sholl analysis (see Fig. 11 ). Ninety percent of small HH neurons have dendrites that extend no more than 100 lm from the soma when stained with modified Golgi technique. However, Golgi staining likely underestimates the distance to which HH neurons project their processes, in comparison to the lengthier projections often demonstrated in biocytin-injected HH neurons (see Fig. 7 ). The presence of dendritic spines is significantly associated with large HH neurons (7 of 12; 58%) versus small HH neurons (3 of 50; 6%; p < 0.0002) (see Fig. 12 ). However, the presence of dendritic beading does not differ significantly between large HH neurons (5 of 12; 42%) and small neurons (29 of 50; 58%).
Modified Golgi staining of HH tissue also fills other cell types present in HH tissue, including fibrous and protoplasmic astrocytes, oligodendrocytes, microglia, and capillary endothelium (not shown). Astrocytes are particularly abundant in many tissue sections.
Methodologic Issues: Control Tissue for HH Research
Hypothesis-driven research strives to include appropriate controls whenever possible. As with the study of other between large (n = 10) and small (n = 50) HH neurons (p < 0.0001). Cells were categorized as large or small based on the morphology of the neuron linked to the electrophysiologic phenotype. Data are presented as follows: bar within box = median, upper edge of box = third quartile, lower edge of box = first quartile, upper whisker = maximum value, lower whisker = minimum value. Epilepsia ILAE Figure 9 . Camera lucida drawing of six small HH neurons stained with modified Golgi technique. These neurons are derived from six different patients. Although there is some variation in cell size, all soma are round or ovoid. Processes tend to be short, with little or no branching and lacking spines. Scale bar = 20 lm for all cells shown. Epilepsia ILAE human surgically resected epileptic tissue, access to and selection of control tissue for experimental research on HH tissue is challenging. This is particularly problematic for human HH tissue research, as surgical resection of these lesions places an extremely high priority of avoiding injury or removal of adjacent normal hypothalamus, and consequently planned removal of immediately adjacent normal tissue at the time of surgery is not ethically or clinically acceptable. 17 Researchers in this field have utilized age-matched human autopsy material (derived from human tissue bank programs) as control tissue. 45 This is potentially useful for neuropathologic techniques, but obviously does not offer any utility for electrophysiologic and pharmacologic study of freshly perfused tissue slices. An obvious potential weakness of this approach relates to the myriad changes that occur in postmortem tissue. However, regional selection of control tissue within the hypothalamus is also problematic, as the embryology of HH is not established, and no known region or nucleus of the hypothalamus is known to be the originating tissue for HH lesions (and regional differences in cellular phenotype and expression within the hypothalamus are significant).
For some studies, the HH Research Program at the Barrow Neurological Institute has chosen to use human agematched autopsy-derived mammillary body as a control tissue because of the following: (1) it is a large structure within the hypothalamus, and relatively easy to identify on postmortem tissue blocks, and (2) it is immediately adjacent to HH lesions associated with epilepsy and may be part of the extended cerebral network responsible for epilepsy with HH. 3, 45 It is hoped that future research will identify a more appropriate region of the human brain for control purposes (or perhaps multiple regions, depending on the experimental hypothesis). Here it is important to recognize that there is no animal model for HH. The possible development of an Figure 10 . Camera lucida drawing of large HH neuron stained with modified Golgi technique. Large HH neurons are pleomorphic, often pyramidal, and typically have at least one large proximal dendrite. Dendritic processes are more branched and are more likely to have spines. The large neuron depicted here lacks dendritic spines. Scale bar = 20 lm. Epilepsia ILAE Figure 11 . Sholl analysis of large (upper blue histogram) and small (lower red histogram) HH neurons. Large and small HH neurons diverge with respect to their dendritic fields. Small neurons have dendrites that are thin and minimally branched. Ninety percent of small HH neurons have dendrites that extend no more than 100 lm from the soma when utilizing Golgi-staining methods. Epilepsia ILAE Figure 12 .
Photomicrograph of large HH neuron (modified Golgi stain) with thick proximal dendrite and spiny dendritic processes (small arrows). Scale bar = 20 lm. Epilepsia ILAE animal model should be a priority for the HH research community.
Conclusions
Various neuropathologic, electrophysiologic, and neuropharmacologic techniques have been used over the last 10 years to study surgically resected HH tissue, leading to discovery of some of the cellular phenotypes present in human epileptic HH. In comparison to other human epileptic tissues, such as hippocampus and neocortex, HH tissue appears to be relatively simple with respect to the phenotype of the constituent neurons and their microanatomic organization. To summarize, small HH neurons are the most abundant neurons with a tendency to cluster. These cells appear to have an interneuron-like phenotype with GABA expression and a striking tendency for intrinsic, pacemaker-like firing activity. With relatively short and simple processes, it appears likely that their network interactions occur largely within the neuronal clusters. Conversely, large HH neurons are far fewer in number and appear to have an excitatory projection-type neuron phenotype, possibly elaborating glutamate as their primary neurotransmitter. These neurons also have functionally immature behavior, with depolarization and firing in response to GABA ligands. We hypothesize that large numbers of spontaneously firing small interneurons result in paradoxical excitement of large pyramidal neurons, contributing to an increase in excitation required of any epileptic network. These cells may project to normal brain networks, resulting in clinical seizures. 17 We hypothesize that the small neuron clusters are the functional unit of HH ictogenesis. Multi-electrode singleunit recordings from HH tissue in situ (under anesthesia prior to surgical resection) show a high degree of firing synchrony within small regions. 46 Multi electrode recordings of ictal-like discharges from perfused HH tissue slices also suggest local spread of firing activity. 47 We are currently interested in cellular mechanisms that might be responsible for increased synchrony of neuronal firing within HH tissue, 48 including a possible mechanistic role for gap junctions in HH ictogenesis. 45 Research over the last decade has offered evidence for the presence of at least two neuron phenotypes in HH tissue, which have thus far been referred to as "small" and "large" HH neurons. However, as shown in Figure 8 , there is overlap in the soma size of these two different neuron populations, such that size alone lacks specificity for determining phenotype. Consequently, the designation of these neurons as small and large is ultimately unsatisfactory. A highly sensitive and specific neuropathologic biomarker for these two phenotypes remains to be discovered and validated, and hence we have refrained from prematurely suggesting that these cells be renamed.
In the absence of an animal model, discovery of the cellular mechanisms responsible for seizure onset in HH relies primarily on surgically resected human tissue. Always a rare disease, access to surgically resected HH tissue will likely be even more limited in the future by the development of minimally invasive techniques such as stereotactic thermoablation 15 or entirely noninvasive techniques such as Gamma Knife radiosurgery. 12 Nevertheless, understanding the molecular and cellular model for ictogenesis within HH may lead to novel therapies for patients with HH and provide insights that enable progress in other forms of epilepsy.
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